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1.  INTRODUCTION 


Deformable  thermoplastic  material  has  been  used  with  considerable  success  in  in  Situ 
optical  holographic  recordings.  [  1-22]  Advantages  of  a  device  made  of  this  material  include 
the  fact  that  the  device  has  the  capability  of  near  real-time  holographic  reconstruction,  it  can 
be  recycled,  wet  processed  and  dark-room  handling  can  be  eliminated.  Resolution  in  excess  of 
4000  cycles  per  millimeter  can  be  achieved.  Nevertheless,  it  seems  that  the  material  has 
received  very  little  attention  on  its  potentiality  of  being  used  for  the  recording  of  acoustical 
holograms  after  the  idea  was  first  introduced  by  Young  and  Wolfe  [23]  in  1967.  In  this  report, 
a  detailed  theoretical  analysis  and  some  preliminary  experimental  results  of  a  thermoplastic 
acoustical  holographic  recording  devices  will  be  presented.  The  work  is  different  from  that 
reported  by  Young  and  Wolfe  in  two  major  regards: 

(1)  The  recording  area  of  the  device  is  50  times  or  larger  than  their  device. 

(2)  Optical  holographic  image  reconstruction  process  is  in  real-time  and  in  situ. 

Section  1 1  is  a  theoretical  analysis  of  the  device,  and  the  experiment  and  discussion  are 
presented  in  Sections  III  and  IV,  respectively. 

II.  THEORY 

The  theoretical  analysis  of  the  holographic  recording  of  the  thermoplastic  device  is 
divided  into  two  parts. 

The  first  part  is  a  description  of  the  interaction  of  the  ultrasound  with  the  liquefied 
thermoplastic  surface.  The  second  pt'rf  deals  with  the  principle  of  image  reconstruction  by 
laser  light.  The  analysis  is  similar  in  the  basic  app'oach  adopted  by  Brenden  [24]  but  is 
different  from  his  model  for  the  fact  that  the  existence  of  an  auxiliary  reference  wave  which 
originated  from  the  object  beam  transducer  is  consider  J.  This  additional  reference  beam 
exists  because  of  the  simplicity  of  the  geometry  of  the  test  objects  in  some  cases.  The 
assumption  will  make  mathematical  analysis  more  tedious  but  is  nevertheless  necessary  due  to 
the  requirement  of  the  interpretation  of  the  experimental  results. 

In  the  second  part,  the  process  of  coherent  optical  image  reconstruction  of  the 
acoustical  hologram  is  described. 


\ 
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A.  Interaction  of  Ultrasound  With  the  Liquefied  Thermoplastic  Surface 

In  the  acoustical  holographic  system  as  shown  in  Figure  l ,  the  reference  beam  is  with 
amplitude  Ar,  generated  by  the  reference  transducer  is  incident  upon  the  surface  (z  =  0)  of  the 
thermoplastic  layer  at  an  angle  9„  while  the  object  beam  with  amplitude  A0b  is  incident  at  an 
angle  <J>0  with  respect  to  the  perpendicular  of  the  surface  and  carries  an  object-dependent 
phase  d>(x, y).  If  the  object  is  simple,  such  as  a  coarse  grating  structure,  part  of  the  beam 
generated  by  the  object  transducer  may  traverse  through  the  object  plane  without  being 
modulated  by  the  object.  The  portion  of  the  beam  with  amplitude  A0  and  incident  angle  0O 
may  be  considered  in  essence  a  reference  beam  for  the  hologram.  These  waves  are  listed  below: 


Reference  beam  No.  1: 

R1  =  Ar  exp(:5  kr  y) 

(1) 

Object  beam:  0  =  A  ^ 

exp  [-j  (kQy  +  d> (x,y) )  ] 

(2) 

Reference  beam  No.  2: 

R2  =  Ao  exp(-J  k0  y) 

(3) 

where 

k  =  sin0  ,  and  k  =  — r—  sin0  ,  (4) 

rAiOA  o 

and  \  is  the  wavelength  of  the  acoustic  wave. 

Simultaneous  presence  of  these  waves  and  the  change  of  momentum  on  reflection  at 
the  surface  produces  a  radiation  pressure  given  by 

p(x,y)  =  |0  +  Rj.  +  R2|2  /  (p  vg2)  (5) 

where  p  is  the  density  of  the  thermoplastic  and  vs  is  the  velocity  of  sound. 
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LASER 

SOURCE 


Figure  1.  The  thermoplastic  acoustical  holographic  recording  system  with  in  situ 
real-time  optical  image  reconstruction. 


Solution  of  the  above  equation  for  /  yields  the  displacement  of  the  thermoplastic  surface. 


Assuming  a  steady-state  solution  as  shown  in  Equation  (Bl)  of  Appendix  B  and 
applying  the  results  obtained  from  both  Appendix  A  and  Appendix  B,  Equation  (7)  can  be 
rewritten  as 


-H  {  Ar2  +  Aob2  +  Ao2  +  2ArAob  C°s[(kr  +  ko)y  + 
pVs 

4  2 A  A  cos  [  (k  +  k  )y]  +  2A  A  ,  cos  0  } 
ro  L  r  o  7  oob 

=  2pg  {  ct  cos[(k^  4  kQ)y  +  4>]  +  B  cosKk^  +  kQ)y]  +  \  cos  4>  +  h<  i 
dx  dy 

2  2  2 
,d<p  +  k  +  k  )  ]]  cos  [  (k  +  k  )y  +  4>]  +  [(-^-|  +  ^-y) 

+  (a£  r  °  r  °  ax2  ay2 

9  a2  a2  s  rrlis2 

-  B(k  4  k Y]  cos[(k  +  k  )y]  +  [F-£  4  ~  Yl  W 

r  0  r  0  ax2  3y2 

+  (|£)2)]  cos  *  -  uaff  ff  +  ♦  f  *r  +  k0>] 

2  2 

+  sin  [  (kr  +  k  )y  +  4>] 

ax  ay 


4  !f(kr  +  ko)  Sin  l(kr  +  ko)y] 


(8) 


-  2  [2(|*  4  £  |±)  +  Y(M  +  M)]  *  4 


3x  3x  3y  ay  9x2  9y 


ay 


Equation  (8)  is  very  complicated.  However,  if  it  is  assumed  that  the  following  conditions  are 
satisfied; 

<k  +  k  >  >  >  |i  ,  |i 

to  3y  3x 


a(k  +  k  )2  >  > 

r  °  3x2  3y2 
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6(k  +  k  ,2  >  >  iff  +  i!| 

r  °  9x2  SyZ 

o 

9x 


^  *  0 


91=0 


£■» 


2  2 
3jfe  .  O  ~  Q 
2  2 
9x  9y 

2  2 

.  .  /3  k  ^  3  k. 

PgK  >  >  c  ( — j  +  — 2 

s  9xZ  9y 


then  the  right-hand  side  of  Equation  (8)  can  be  greatly  simplified  and  becomes 


-S  {Ar2  +  Aob2  +  Ao2  +  2Ar  Aob  cost(kr  +  ko)y  +  ♦1 
PVS 


+  2Ar  Aq  cos[(kr  +  kQ)y]  +  2Aq  AQb  c  -s  <p  } 


2a  [pg  +  cg(kr  +  kQ)  ]  cos[(kr  +  kQ)y  +  <t>  ] 


+  20 [pg  +  Cg(kr  +  kQ)  ]  cos[(kr  +  kQ)y] 
+  2y  pg  cos  <p  +  PgK 


From  the  above  Equation,  one  finds 


pvg2[pg  +  cg(kr  +  kQ)2] 

A  A 

a  _  _ r  o _ 

P  2  2  9 

pv  [pg  +  c  (k  +  k  )  ] 
s  s  r  o 

Y  =  Ao  Aob/(p2  8  vs2)  * 

K  =  [A  2  +  A  2  +  A  2]/(p2  g  v  2)  . 

r  ob  o  s 

The  solution  in  the  form  of  Equation  (Bl)  is  rewritten  as  follows: 

z  =  2a  cos[(k  +  k  )y  +  <J>] 
s  r  o’ 

+  28  cos[(kr  +  kQ)y] 

+  2y  cos  <p  +  < 


(H) 

(12) 

(13) 

(14) 


The  physical  meaning  of  Equation  (15)  is  described  below.  There  is  a  bulge  of  height  2y 
cos  <£(x,y)  +  k  in  the  area  over  which  the  acoustical  wave  is  applied.  Impressed  upon  this  bulge 
are  two  interference  patterns  of  the  same  spatial  wave  number,  kr  +  kQ,  but  different 
amplitudes  2a  and  2)3.  One  of  the  pattern  is  different  from  the  other  by  a  phase  <£(x,y).  If  the 
reference  beam  Number  I  is  set  to  zero,  i.e.,  Ar  =  0,  then  from  Equations  (11)  and  ( 1 2)  a  =  /?  =  0 
and  k  =  (A„h2  +  A ,.2)/ (p2  g  v52).  The  bulge  is  slightly  reduced  in  height,  and  the  interference 
patterns  still  exist.  The  object  geometry  still  modifies  the  liquefied  surface,  similar  to  the  case 
of  an  in-line  hologram.  On  the  other  hand,  if  the  reference  beam  Number  2  is  zero,  i.e.,  A„  =  0, 
Equation  (15)  becomes 

zg  =  2a  cos[(kr  +  kQ)y  +  <)>]+<’  ,  (16) 

where 

<’  -  (Ar2  +  Aofe2)/(p2  g  vs2)  .  (17) 

Equation  (16)  represents  the  interference  patterns  resulting  from  a  typical  off-axis  hologram. 
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B.  Optical  Reconstruction  of  the  Acoustical  Surface  Hologram 


The  detection  of  the  acoustical  hologram  can  be  achieved  by  the  technique  of  coherent 
optical  image  reconstruction.  Assume  that  a  laser  beam  plan  wave  of  amplitude  Ag  and 
wavelength  A  is  normally  incident  (oblique  incidence  is  also  possible  with  more  complication 
in  mathematical  manipulation)  on  the  surface  where  the  acoustical  hologram  is  recorded.  The 
light  beam  is  expressed  by 


s(z) 


Ale 


,2tt  z 
-J"A  = 


Afce 


-jk£2 


(18) 


where  kg  =  the  wave  number  of  the  light  wave. 


After  reflection  from  the  surface  hologram,  the  amplitude  s(z)  is  reduced  to  R  and  the 
phase  of  the  beam  is  modified  by  2  zs(x,y)  where  zs(x,y)  is  in  general  given  by  Equation  (15). 
The  reflected  light  beam  may  then  be  written  as 


jk„z  j2kpz 
Sr (x,y)  =  R  e  e 


-%z 


+  R  e  exp[2jk„(2a  cos[(k  +  k  )y  +  <{>] 

r  o 


+  26  cos[(kr  +  ko)y] 

+  2y  cos  4>  +  <}]  .  (19) 


Since 


oo 

exp[j  a  cos  b]  =  £  jn  J  (a)  exp(-jnb)  ,  (20) 

n=-°° 

where  J„  is  the  n,h  order  Bessel  function.  Equation  ( 1 9)  can  be  expressed  in  terms  of  the  Bessel 
functions  as 
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sr(xty)  =  R  e 


.1k£(z  +  2k) 


{  Z  jn  J  (4ak  )e 
n=-°° 


-j [n(k  +  k  )y  +  n0 ] 


•{  I  jnJn(46Ve 


-j[n(k  +  k  )y] 
r  o 


•{  E  In  J  (4yk  )e  ~jn4>} 

n=-,»  J  n  i  (2!) 

The  property  of  J„(x)  indicates  that  when  j.  is  sufficiently  small,  J0(a)  approaches  J, 
J-i(a)  approaches  |  ,  J-,(a)  approaches  -  |  ,  and  J„(a)  for  n  not  equal  to  -I,  0,  or  l 
approaches  0.  Therefore  if  4  orkg,  4  /?kg,  and  4  -yk g  are  all  sufficiently  small,  Sr(x,y)  can  be 
approximately  given  by 


sr(x>y)  =  R  e 


jk^(z  +  2k) 


-j  t  (k  +  k  )y  +  <{>) 

•  {1  +  j2tXk£e 

j  [  (k  +  k  )y  +  cf>  ] 

+  j2ak£e  r  °  } 


“j  t  (k  +  k  )y  +  <pj 
•{l  +  j2Bk£e  r  0 

j[(k  +  k  )y  +  <p] 

+  j2Bk£e  r  °  } 


•{l+j2yk.e  +  j2Yk.e  }  . 


Expansion  of  Equation  (22)  yields 


jk  (z  +  2k) 

sr(x,y)  =  R  e 


I 


-j (k  +  k  )y 

{1  +  j  2[(ak^  +  Bk^)e  r  °  +  Yk^je”-1'*’ 

j (k  +  k  )y 

+  j  2[(akJl  +  8k^)e  +  yk^Je^^ 

Q16  yBk^  cos  $  cos[(kr  +  kQ)y  +  4> ] 


+  16  aBk^  cos^ffk^  +  kQ)y  +  <f] 

2 

+  16  ayk^  cos  $  cos[(kr  +  kQ)y  +  <f>  1  D  J 


jk, (z  +  2k) 

=  R  e  (1  +  j  2[(aki 

j(kr 

+  j  2  [(ak£  +  6k£)e 


+  Bk^)e 


-j  (k  +  k  )y 

r  o'*  .  , 

+  yk Je  J 

l 


+  k  )y 


°"+  rkt]eJ*> 


(23) 


The  reason  that  the  terms  in  (J  J)  in  the  above  equation  can  be  omitted  is  not  only 
because  they  are  negligibly  small  in  comparison  to  1  but  also  that  their  phases  are  of  no 
importance  to  the  reconstruction  process.  What  is  of  importance  to  the  optical  image 
reconstruction  is  the  positive  first  order  diffraction  term  or  the  term  that  contains  e  j*.  The 
phase  term  is  identical  to  that  of  the  object  beam  given  by  Equation  (2),  and  the  amplitude  A0b 
of  the  original  object  beam  is  also  contained  in  a  and  y.  The  following  two  special  cases  are 
considered: 


(1)  A  =  0  ,  so  that  8  =  0  ,  y  =  0  , 
o 


(x,y)  =  J2  R  e 


jVz 


+  2k) 


l«ka 


-j  (k  + 


=  s  (x,y) 
rl 


(24) 
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A  spatial  filter  can  be  placed  in  the  Fourier  plane  and  the  term  Sr|(x,y)  can  be  isolated 
for  the  holographic  image  reconstruction. 

(2)  =  0  but  Aq  t  0,  this  implies  a  =  0  and  6  =  0,  hence 

jk  (z  +  2k) 

sr(x»y)  =  j2Ryk^  e  e  J  (25) 

The  amplitude  and  phase  of  the  object  beam  is  still  contained  in  S,(x,y). 

Therefore  the  image  of  the  in-line  acoustical  hologram  can  also  be  optically 
reconstructed  by  the  proper  spatial  filtering  process. 

III.  EXPERIMENT 

The  experiment  will  be  described  in  four  parts,  i.e.,  device  fabrication,  heating 
techniques,  the  acoustical  holographic  system,  and  the  experimental  results. 

A.  Device  Fabrication 

The  thermoplastic  device  that  has  been  investigated  has  three  different  configurations 
according  to  the  different  heating  techniques  applied  to  the  device.  These  device  structures  are 
illustrated  in  Figures  2  through  4.  Basically  the  device  consists  of  a  uniform  and  extremely  flat 
layer  of  thermoplastic  material  coated  on  a  flat  substrate. 

Figure  2  shows  a  device  with  a  glass  substrate.  The  glass  with  a  thin  coating  of  (indium 
oxygen)  InO  is  supplied  by  Pittsburgh  Plate  Glass  Company.  The  InO  layer  serves  as  a 
resistive  heating  element  and  hence  is  connected  by  the  metal  electrodes  (either  copper  or 
aluminum)  to  an  electric  power  supply.  A  thin  thermoplastic  layer  is  coated  on  InO.  The 
figures  are  not  drawn  to  proportion  because  in  reality  the  substrate  is  several  orders  of 
magnitude  thicker  than  the  thermoplastic  layer. 

Figure  3  shows  a  device  structure  that  basically  consists  of  a  layer  of  thermoplastic 
material  coated  on  the  upper  external  surface  of  a  pillbox  type  substrate.  The  internal  space  of 
the  pillbox  can  be  supplied  with  temperature-controlled  water.  Through  the  control  of  the 
temperature  and  the  flow-rate  of  the  water,  the  thermoplastic  temperature  can  be  adjusted. 
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Figure  2.  Schematic  of  a  thermoplastic  device  with  electric  heating. 


Figure  3.  Schematic  of  a  thermoplastic  device  with  hot  water  heating. 


THERMOPLASTIC  LAYER 


PLEXIGLASS  SUBSTRATE 

Figure  4.  Schematic  of  a  thermoplastic  device  without  heating  by  conduction. 

Perhaps  the  simplest  thermoplastic  device  one  can  design  is  of  the  structure  shown  in 
Figure  4.  A  layer  of  thermoplastic  material  is  coated  over  a  piece  of  plexiglass  substrate.  No 
means  of  contact  heating  is  available  for  this  device,  if  the  temperature  needs  to  be  raised, 
heating  by  radiation  seems  to  be  the  only  possible  way. 

Not  sketched  in  Figures  3  and  4  are  the  edge  guards  that  surround  the  thermoplastic 
layer.  The  reason  for  their  existence  will  be  clear  after  the  coating  techniques  are  described. 

Additional  specific  descriptions  of  the  device  are  given  as  follows: 

1.  Thermoplastics  used  in  the  experiment  included  Staybelite,  Ester  10,  Foral  85, 
S-25,  S-55,  and  S-70.  All  these  materials  are  pale,  thermoplastic  resins  with  strong  resistance 
to  oxidation  and  to  discoloration  caused  by  heat  and  aging.  They  are  soluble  in  esters;  ketones; 
higher  alcohols;  glycol  ethers;  and  aliphatic,  aromatic,  and  chlorinated  hydrocarbons.  The 
solvent  used  in  dissolving  the  resins  for  making  the  devices  was  hexane.  The  thermoplastics 
was  supplied  by  Hercules  Company  of  Wilmington,  Delaware. 

2.  Coating  of  the  thermoplastics  were  normally  done  in  the  past  by  means  of  dip 
coating,  and  high  speed  spinning.  A  Fisher  dip  coating  machine  may  be  used.  The  dip  coating 
method  can  only  coat  a  very  thin  layer  (approximately  I/*).  Though  the  layer  is  quite  uniform 
and  smooth,  it  cannot  be  used  for  acoustical  recording  as  was  found  later  after  the  device  was 
tested.  For  a  thicker  layer,  a  special  new  method  was  devised.  The  method  involved  first  the 
measurement  of  an  exact  amount  of  the  thermoplastic  resin,  making  a  solution  of  the 
measured  thermoplastic,  and  spreading  the  resin  uniformly  over  the  flat  substrate  (of  the 
device)  guarded  by  the  edge  guard.  The  evaporation  of  the  solvent  leaves  a  uniform  layer  of 


thermoplastic  on  the  substrate.  Ihe  thickness  of  the  layer  can  be  easily  calculated.  During  the 
evaporation  process,  it  is  importani  that  the  substrate  be  placed  in  both  a  level  and  stable 
position. 

3.  The  etching  and  masking  process  follows  standard  microelectronic  laboratory 
procedures.  The  etching  of  I nO  can  be  done  by  diluting  37%  H Cl  to  a  1 9%  solution  and  leaving 
the  InO  in  the  diluted  65° C  solution  for  4  to  5  minutes.  Exact  temperature  control  is  important 
if  repeatable  results  are  needed.  If  3%  Nitrite  is  added,  the  etching  time  can  be  reduced  to  one 
minute  or  so.* 

B.  Heating  Techniques 

To  record  acoustical  wave  patterns,  it  is  necessary  first  to  soften  the  thermoplastic  layer 
by  heating.  Various  heating  methods  are  described  below. 

1.  Electric  heating  by  a  resistive  element  can  be  performed  by  the  circuit  as  sketched 
in  Figure  5.  The  two  transistors  (2N3773)  are  triggered  by  an  electric  pulse  of  various  pulse 
periods.  Single  pulse,  double  pulse  or  a  sequence  of  pulses  can  be  made  available  by  selecting  a 


2N3773 


Figure  5.  Electric  pulse-controlled  dc.  power  supply  circuit. 


•the  mclhod  is  suggested  by  Optical  Coating  1  aboratories.  Inc.  according  to  N.C.  Stewart  and  1  S  Cosentino  of  RCA. 
(609  452-27001. 
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proper  pulse  generator.  D.C.  voltage  up  to  110  volts  can  be  applied  to  the  heating  element  of 
the  thermoplastic  device. 

Hot  water  heating  can  be  performed  by  pumping  temperature  controlled  water 
through  the  pillbox  as  shown  in  Figure  3.  The  control  of  the  temperature  can  be  achieved  by 
using  a  temperature  regulator.  The  circuit  diagram  and  operation  of  the  temperature  regulator 
is  given  in  Appendix  C. 

C.  Experimental  Results 

Many  attempts  were  tried  to  record  a  hologram  on  the  thermoplastic  surface.  All  three 
device  structures  as  shown  in  Figures  2  through  4  have  been  fabricated  and  tested  in  the 
acoustical  holographic  system  as  illustrated*’'  in  detail  in  Figure  6. [25]  In  the  following,  first 
the  failures  and  then  the  successes  of  the  experiment  are  reported. 

The  electric  heating  and  hot  water  heating  schemes  have  not  been  successful.  This  is 
probably  mainly  due  to  the  following  reasons: 

(1)  The  thermoplastic  layers  are  placed  in  contact  with  the  water  surface.  Trial  and 
error  techniques  have  been  applied  in  search  of  the  proper  softening  temperature  of  the 
thermoplastic.  The  device  may  be  overheated  since  after  some  heating  the  surface  appearance 
becomes  uneven  with  a  great  deal  of  tiny  pits  and  dents.  These  pits  and  dents  create  a  lot  of 
noise  and  render  the  detection  of  the  holographic  signal  essentially  impossible. 

(2)  The  thickness  of  the  thermoplastic  layer  is  probably  not  proper  for  the  acoustic 
recording.  Thicknesses  of  1  yu  to  5m  have  been  tried. 

Because  of  the  above  reasons,  the  schemes  may  still  work  if  improvements  can  be  made 
in  the  future. 

The  preliminary  successful  results  are  described  in  detail  with  reference  to  the  test  plate 
configuration  and  placement  shown  in  Figures  7  and  8. 


‘•Courtesy  of  Reference  25. 
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SPATIAL  FILTER 


*e  6.  Acoustical  holographic  and  coherent  optical  image  detection  system, 


E 


Figure  8.  A  test  plate  at  a  position  in  the  ultrasonic  object  beam 


'Courtesy  of  Reference  25. 
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Several  devices  made  according  to  the  structure  shown  in  Figure  4  were  tested.  Since 
there  was  no  direct  heating  mechanism  being  built  in  the  device,  what  was  chosen  was  a 
thermoplastic  ( S- 25 )  ol  especialh  low  softening  temperature  ot  25Lt'.  I  he  material  was  sticks 
and  could  be  made  to  flow  slowly  at  room  temperature.  A  thickness  of  around  1 250/u  of  S-25 
was  coated  on  the  plexiglass  substrate.  A  photograph  of  one  of  the  devices  is  shown  in  Figure 
9.  The  area  of  the  recording  surface  was  approximately  17  X  20  cm.  This  is  larger  than  any 
other  thermoplastic  recording  devices  previously  experimented  and  reported  on  in  the 
literature.  (Optical  thermoplastic  dev  ices  are  usually  of  a  dimension  of  I  X  |  cm. )  The  lighted 
region  in  the  center  of  the  device  is  from  a  2-W  argon  laser  source  used  for  optical  image 
reconstruction. 


Figure  9.  A  thermoplastic  device  under  the  su-inch  diameter  lens  cylinder.  The 
device,  sitting  on  water,  is  in  the  recording  and  reconstruction  conditions. 

The  device  was  placed  in  the  acoustical  holographic  system  with  its  thermoplastic 
surlace  facing  up  to  the  air.  After  its  surface  settled  to  a  completely  level  position  (since  the 
thermoplastic  surface  has  changed  shape  during  the  mov  ing  and  positioning  process),  the 
optical  reconstruction  was  recorded  by  a  polaroid  film  at  the  image  plane  and  is  shown  in 
Figure  10(a).  After  the  acoustical  beams  of  3  MHz  from  both  the  reference  and  the  object 
beam  acoustical  transducers  were  applied  a  few  seconds  later,  the  reconstructed  image  of  the 
surface  was  again  recorded  and  shown  in  Figure  10(h).  The  image  was  retained  for  over  2 
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Figure  10  Coherent  optical  image  reconstruction  of  the  thermoplastic  surface  (a) 
without  a  hologram,  (b)  with  a  hologram.  The  real  size  ot  the  recording 
area  is  about  7  *  7  cm. 


minutes  utter  the  acoustical  beams  were  t ui  lied  oil.  I  lie  gradual  disappearance  of  the  imag 
probably  due  to  gra\ itation  and  surface  tension  because  the  thermoplastic  was  in  a  softened 
form  even  at  room  temperature.  A  great  deal  of  hexane  was  still  inside  the  resin.  Repeated 
writing  and  erasure  at  room  temperature  has  shown  similar  phenomena.  Another  interesting 
phenomenon  observed  was  that  w  hen  the  reference  beam  alone  was  applied,  no  image  of  the 
object  appeared  but  it  the  object  beam  was  applied  by  itself,  the  outline  of  the  object  in  the 
image  was  very  similar  to  that  shown  in  Figure  10(h).  This  indicated  that,  according  to  the 
theoretical  analysis,  due  to  the  structural  simplicity  ot  the  object;  an  in-line  hologram  was 
recorded. 

Another  device  of  20  X  28.6  cm  was  fabricated  with  a  1.25  mm  S-25  thermoplastic 
layer.  The  top  surface  of  the  substrate  that  was  in  contact  with  the  thermoplastic  was  painted 
black  so  that  reflections  could  be  reduced.  The  device  was  allowed  to  stand  for  about  one 
month  so  that  most  of  the  hexane  was  evaporated  from  the  thermoplastic.  It  was  then  replaced 
in  the  system  and  tested.  Figure  11(a)  is  a  photograph  showing  the  real-time  in  situ  coherent 
optical  image  reconstruction  of  the  thermoplastic  surface  without  the  recording  of  any 
acoustical  hologram;  where  Figure  l  Kb),  is  the  same  surface  with  an  acoustical  hologram  and 
w  ith  all  acoustical  beams  off.  Itshowsthat  thedotted  line  enclosed  portion  ofthe  test-plate  as 
shown  in  Figure  7  can  be  vaguely  discerned  in  the  noise.  The  noise  arises  due  to  the  dust 
particles  as  shown  in  Figure  11(a)  and  due  to  the  influence  ofthe  hexane  that  still  could  be 
trapped  inside  the  thermoplastic.  Both  problems  can  be  solved  with  further  work.  Optical 
spatial  filtering  would  not  solve  these  problems  so  that  no  filtering  process  was  included  while 
these  photographs  were  taken. 

One  feature  of  this  hologram  device  is  that  it  can  retain  the  image  at  room  temperature 
for  over  30  minutes,  much  longer  than  the  corresponding  image  of  Figure  10(b).  For  purpose 
of  comparison,  a  water  surface  hologram  was  taken  next  and  shown  in  Figure  11(c).  The 
hologram  was  recorded  with  the  object  in  the  same  position  and  the  system  configuration  was 
also  the  same;  only  the  ratio  between  reference  and  object  beam  intensities  was  changed.  It  can 
be  seen  that  the  water  surface  was  not  much  better  in  resolution  although  in  both  cases 
optimization  was  not  attempted.  Naturally  the  water  surface  hologram  faded  away  almost 
immediately  when  the  acoustic  beams  were  turned  off;  this  feature  is  distinctively  different 
from  that  of  the  thermoplastic  holograms. 

IV.  DISCUSSION 

The  acoustical  hologram  recorded  by  the  thermoplastic  device  as  shown  in  Figure  10  is 
far  from  perfect.  The  image  has  a  great  deal  of  noise  even  without  any  acoustical  signal.  This  is 
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Figure  1 1 .  Photograph  of  real-time  in  situ  coherent  optical  image  reconstruction  of 

(a)  thermoplastic  surface  without  recording  an  acoustical  hologram; 

(b)  thermoplastic  hologram  with  acoustical  beams  turned  off;  and 

(c)  water  surface  hologram  with  acoustical  beams  on.  No  optical  spatial 
filtering  process  was  included. 


because  the  surface  of  the  thermoplastic  layer  not  made  perfect  Additional  possi1 
reasons  are  described  as  follows.  Acoustical  powers  and  t  he  power  ratio  bet  ween  reference  am) 
object  beams  is  not  optimized:  the  holographic  system  configuration  is  not  optimized  (it 
should  be  improved ).  I  he  thickness  of  the  thermoplastic  layer  for  the  recording  of  the  3  M  Hz 
signal  was  not  optimized.  No  temperature  control  unit  is  included  because  no  heat  is  applied. 
No  spatial  filtering  was  performed.  All  this  can  be  remedied  with  added  effort. 


Nevertheless,  the  preliminary  result  obtained  is  encouraging  because: 

•  It  is  the  first  time  that  an  in  situ  real-time  recording  and  simultaneous  optical 
reconstruction  of  an  acoustical  hologram  on  a  thermoplastic  device  has  been  achieved. 

•  The  recording  area  is  larger  than  any  other  thermoplastic  device  reported  to  date. 

•  The  image  demonstrates  that  the  softened  thermoplastic  can  be  used  for  the 
recording  of  acoustical  holograms. 

•  The  capability  of  retention  of  the  holographic  image  demonstrates  the  memory 
function  of  the  thermoplastic  material  with  respect  to  the  interference  patterns  of  the 
acoustical  waves.  In  contrast,  water  surface  holograms  have  no  retention  capability. 

•  The  capability  of  repeated  erasures  and  recordings  of  the  device  has  shown  its 
re-usability. 

•  No  dark  handling  was  needed. 

Judging  from  the  result  so  far,  it  is  concluded  that  additional,  continued  investigations, 
both  theoretical  and  experimental,  are  justified.  The  topics  should  include  but  not  be  limited 
to  the  following  areas: 

•  Various  uniform  heating  and  accurate  temperature  control  systems  for  the  device. 

•  Speed  and  repeatability  control  and  improvement. 

•  Various  thermoplastics  for  the  device. 

•  Thickness  variations  versus  acoustical  frequency. 
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•  Optical  filtering  techniques  for  improving  the  signal-to-noise  ratio  of  the 
reconstructed  image 


•  Optimization  ol  the  substrate  being  used  for  device  construction. 

•  Consideration  of  using  reflective  thermoplastic  for  improving  the  detection  of  the 

signals. 

•  Double  exposure  acoustical  holographic  recording  by  thermoplastic  devices. 

•  Recording  of  reflective  acoustical  holograms. 

•  Applications  of  the  device  for  acoustical  speckle  hologram  nondestructive  testing 
(HNDT). 


•  Large  system  integration. 

•  Other  applications  of  thermoplastic  recordings  such  as  acoustical  image 
processing. 


The  results  of  the  theoretical  and  experimental  investigations  shown  in  this  report  leads 
one  to  believe  that  after  further  intensive  studies  of  the  thermoplastic  device  as  recommended 
in  the  above,  this  device  should  become  a  very  promising  new  device  for  in  situ  real-time 
recording  and  read-out  of  acoustical  holographic  images.  It  has  great  potential  in 
nondestructive  testing  and  other  engineering  and  biomedical  applications. 
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Figure  C-1.  Circuit  diagram. 
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Figure  C-2.  Logic  definition. 


Figure  C-3.  Truth  table. 
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DEVIATION  OF  EQUATION  (10) 
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1.  TEMPERATURE  REGULATOR  OPERATION  PROCEDURE 


A.  Attach  thermistors  to  heating  system. 

B.  Set  “TM  AX”  and  “TM1N”  to  desired  temperature. 

(TMAX  >  TMIN  >  ROOM  TEMP) 

C.  Turn  power  switch  on. 

II.  CIRCUIT  DESCRIPTION 

There  are  two  identical  circuits  in  Figure  C-l.  The  top  one  controls  “TMAX”  by 
changing  Ry.  The  bottom  one  controls  “TMIN”  by  changing  R\.  One  can  preset  Ry(Rx)  equal 
to  the  resistance  of  thermistor  Rthy  (Rthx)  at  the  desired  temperature  “TMAX”  (“TMIN”). 
When  the  thermistor  temperature  is  higher  than  “TMAX”  (“TMIN”),  the  output  of  the  OP 
A M  P  74 1  “Y” (“X”)  will  be  a  high  voltage  which  is  defined  as  “Logic  I”.  Otherwise  the  output 
is  low  voltage  which  is  defined  as  “Logic  O”.  The  logic  definition  is  shown  in  Figure  C-2. 

Figure  C-3  shows  the  states  of  the  logic  circuit.  The  first  state  “000”  means  thermistor 
temperature  is  lower  than  “TMIN”  and  “TMAX”  and  heater  is  “OFF”.  At  this  time  the  heater 
should  be  turned  ON,  so  Z+  =  1.  State  “101”  means  thermistor  temperature  is  higher  than 
“TMIN”  but  still  lower  than  “TMAX”,  so  the  heater  should  be  kept  on.  State  “1 1 1” turns  the 
heater  off  and  lets  the  system  cool  down  to  “TMIN”,  then  turns  the  heater  on  again. 
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